The synapsins are a family of neuron-specific proteins, 
Introduction
The synapsins represent 1 % of total neuronal protein. There are two synapsin genes, synapsin I and synapsin II, each of which can be alternatively spliced to produce a total of four synapsin isoforms (1) . The synapsins appear to play a key role in the structural and functional organization of the presynaptic terminal (2) . They have been implicated in controlling neurotransmitter release by clustering synaptic vesicles in a reserve pool at the nerve terminal (reviewed in ref. 2) . Support for this idea was recently obtained in studies demonstrating a loss of synaptic vesicle clusters, and a concomitant reduction in trans-mitter release, from what appeared to be a reserve pool of vesicles, after microinjecting synapsin antibodies into lamprey giant neurons (3) . In addition, fewer synaptic vesicles were detected in the reserve pool in synaptic terminals of synapsin I knockout mice when compared with those in wild-type ones (4) (5) (6) . The synapsins also appear to play a role in the formation and maintenance of synapses. The injection of either synapsin I or synapsin II into Xenopus blastomeres accelerated synapse formation (7) (8) (9) and the transfection of synapsin II into neuroblastoma/glioma hybrid cells promoted neurite outgrowth and the differentiation of the nerve terminal (10) . Conversely, depletion of either synapsin I or synapsin II resulted in inhibition of synaptogenesis in hippocampal neurons (1 1-13) . Furthermore, the suppression of synapsin II after synapses were formed resulted in the loss of most of the synaptic contacts (12) . These earlier studies suggested that synapsins I and II play qualitatively similar roles in regulating clustering of synaptic vesicles, neurotransmitter release, and synapse formation.
The aim of the present study was to determine whether the synapsins play distinct roles during neuronal development. Using cultures prepared from mice with targeted disruptions of the synapsin genes (1 1, 14 16 (E16), the average brain weight of synapsin 11-deficient mice (29.7 ± 1.6 mg; mean ± SEM) was significantly lower (-17%) than that of wild-type mice (35.5 ± 1.7 mg; mean ± SEM; P < 0.05). This decrease in brain weight in the mutant mice was reduced to 12% at El9. No difference was detected in the brain weights of synapsin I knockout or synapsin I/II double knockout mice compared with wild-type embryos (data not shown). When plated in low density culture, wild-type E16 hippocampal neurons undergo a series of morphological changes that include the formation of lamellipodial veils surrounding the cell bodies (stage I; 1 hr after plating), followed by the consolidation of the lamellipodia into shafts of short undifferentiated neurites (stage 11, [4] [5] [6] hr after plating), and later the differentiation of one of these processes into an axon (stage III, 24 hr after plating) (1 1,17). In synapsin 11-deficient neurons, this timed sequence of developmental changes was altered dramatically and the morphology of the neurons was abnormal. After 1 day in culture, the majority of the wild-type neurons were at stage Ill ( Fig. IA, B ; Table 1 ). In contrast, the majority of the synapsin II-deficient neurons remained at stage II ( Fig. 1E, F ; Table 1 ), their neurites appeared broad and flattened, and the distribution of actin filaments was aberrant (Fig. IE, F) . In wild-type neurons, actin filaments were most prominent at the tips of developing processes; however, in the synapsin II mutants, actin filaments completely surrounded the cell bodies in stage I and the developing processes in stage 11. A similarly abnormal distribution of actin filaments was observed when synapsin 11 expression was acutely suppressed using antisense oligonucleotides (18) . In contrast, deletion of synapsin I did not affect the Table 1 ), but it did affect subsequent development; axons from synapsin I-deficient neurons elongated at a slower rate and were shorter and less branched than their wild-type counterparts (1 1). Moreover, in the synapsin I-deficient neurons, the distribution of actin filaments (Fig. ID) was normal. Remarkably, when both synapsins were deleted, the wild-type phenotype was largely restored; hippocampal neurons from synapsin I/MI double knockout mice developed with the same time course as did wild-type neurons (Table 1 ) and the distribution of actin appeared much more normal than in the synapsin II knockout neurons (Fig. 1G, H) . The effect of synapsin deletion on synaptogenesis was examined using synaptophysin, an integral protein of synaptic vesicles, as a synaptic marker (12, 19) . Synaptophysin immunoreactive spots could be detected in cultured wild-type hippocampal neurons as early as 4 days after plating ( Fig. 2; Table 2 ). In synapsin 11-deficient neurons, synapses were first detected at 7 days in culture (Fig. 2G, H) ; in these neurons, synapse formation was delayed by 2-3 days (Table 2) .
These results are in agreement with previous experiments that suggested that synapsin II is involved in synapse formation and stabilization (12) . Deletion of synapsin I resulted in a greater delay in synapse formation than that observed in synapsin II-deficient neurons (Table 2) . Strikingly, when both synapsins were deleted, synapse formation occurred at the same rate as was observed with the synapsin II-deficient neurons and at a much greater rate than observed with (Tables 1 and 3) . Conversely, synapsin I plays a much more prominent role than synapsin II in synapse formation (Tables 2 and 3 ).
In the synapsin II-deficient neurons, the delay in the early stages of development (Table 1) can account at least in part for the delay in synapse formation (Table 2 ). However, treatment of cultured wild-type hippocampal neurons with synapsin II antisense oligonucleotides causes a reversible disappearance of synapses, indicating that synapsin II may also be involved in synapse formation and/or stabilization (12) (Tables 1-3) . If, as suggested (5), the synapsins have redundant functions, one might expect to observe more severe developmental defects in the double knockout than in either single knockout. On the contrary, our data indicate that the developmental defects were less severe in the double knockout than in either single knockout.
During normal neuronal development, the protrusive activity of actin filaments drives the formation of lamellipodial structures; process formation and directional elongation require that this protrusive activity be suppressed along the axon shaft. It has been proposed that this suppression is mediated by unidentified proteins that are capable of cross-linking microtubules and actin filaments (20) . There is now substantial evidence that synapsin I, and even more potently, synapsin II, nucleates actin polymerization and bundles actin filaments (21) . Moreover, synapsin I binds and bundles microtubules through a domain with high homology to synapsin II (22, 23) . Our data suggest that, as a consequence of the loss of synapsin II, actin protrusive activity may remain unsuppressed, resulting in the formation of actin veils that surround the neuritic processes. It will be of interest to determine the extent to which the distinct effects of synapsin I and synapsin II on neuronal development are attributable to differences in their ability to organize the cytoskeleton.
